Resistance to rifampicin (RIF) is a broad subject covering not just the mechanism of clinical resistance, nearly always due to a genetic change in the b subunit of bacterial RNA polymerase (RNAP), but also how studies of resistant polymerases have helped us understand the structure of the enzyme, the intricacies of the transcription process and its role in complex physiological pathways. This review can only scratch the surface of these phenomena. The identification, in strains of Escherichia coli, of the positions within b of the mutations determining resistance is discussed in some detail, as are mutations in organisms that are therapeutic targets of RIF, in particular Mycobacterium tuberculosis. Interestingly, changes in the same three codons of the consensus sequence occur repeatedly in unrelated RIF-resistant (RIF r ) clinical isolates of several different bacterial species, and a single mutation predominates in mycobacteria. The utilization of our knowledge of these mutations to develop rapid screening tests for detecting resistance is briefly discussed. Cross-resistance among rifamycins has been a topic of controversy; current thinking is that there is no difference in the susceptibility of RNAP mutants to RIF, rifapentine and rifabutin. Also summarized are intrinsic RIF resistance and other resistance mechanisms.
INTRODUCTION
In celebrating the life of Professor Piero Sensi and his discovery of rifampicin (RIF), also known as rifampin, we have recognized the importance of this drug in treating infectious disease, in particular tuberculosis. In thinking about resistance, we should keep in mind that it is not just an inconvenient clinical phenomenon. The study of RIF and of resistant mutants in different bacterial species has had a key role in the elucidation of the structure and function of bacterial DNA-dependent RNA polymerase (RNAP) and its involvement in the modulation of complex physiological pathways.
Early in the study of the rifamycins, the occurrence, in cultures of susceptible organisms, of spontaneous one-step mutations to highlevel resistance became apparent, initially as a 'skipped tube' phenomenon in MIC determinations. The literature dealing with resistance to RIF is extensive and some of the early publications are not readily available. Areas of study include: resistance mechanisms (primarily acquired resistance because of mutation in the rpoB gene, which encodes the b subunit of RNAP); identification of the aminoacid changes in b associated with resistance in laboratory strains and clinical isolates; the practice of combined antimicrobial therapy to limit the emergence of resistance; cross-resistance of RIF with other RNAP inhibitors; pleiotropic effects of RIF-resistant (RIF r ) enzymes on gene expression; and development of rapid tests for the detection of resistance in Mycobacterium tuberculosis. Some of these aspects will be touched upon only briefly.
PRIMARY MECHANISM OF RESISTANCE TO RIF: MUTATIONS AFFECTING RNAP SUBUNIT b
Clinical and laboratory studies of RIF initially targeted a broad spectrum of susceptible bacteria, and resistance was reported in laboratory studies and emerging in patients who received monotherapy with RIF. Resistance rates to rifamycins, determined in the laboratory, have ranged from 10 À10 to 10 À7 , depending on the organism and the methodology used. [1] [2] [3] [4] RIF resistance was reported in different Gram-negative urinary tract pathogens, in vitro and in treated patients; 5 in gonococci and meningococci in the laboratory and the clinic; 2, 6, 7 and in tuberculosis patients who failed therapy when RIF was the only active drug administered. 8 When treating tuberculosis and other diseases, RIF is almost always combined with other active antimicrobials to prevent the emergence of resistance.
Shortly after RIF was shown to inhibit transcription, cell-free assays demonstrated that resistance, at least in laboratory strains, was related to a change in the properties of the polymerase: RNAP from resistant bacteria was itself resistant in these assays, and it did not bind RIF. [9] [10] [11] [12] That the target within the enzyme was the b subunit, one of its two largest polypeptides, was first suggested by the observation that in a RIF r Escherichia coli strain the migration of this subunit in polyacrylamide gel electrophoresis was altered. 13 Subsequently, separation and mixed reconstitution of enzymatically active core enzyme, using subunits from susceptible and RIF r strains of E. coli 14 and Bacillus subtilis, 15 provided a more direct demonstration that resistance was determined by a change in the b subunit.
The spectrum and localization within rpoB of RIF r mutations, in both clinical isolates and strains selected in the laboratory, has been studied in a number of species, including E. coli, M. tuberculosis and Staphylococcus aureus. Although E. coli is generally not a therapeutic target for RIF, it is a model species for genetic and physiological studies, and there were detailed investigations of transcription initiation and termination in this organism. Nearly complete saturation of the RIF r mutational spectrum in E. coli and mapping and sequencing of the mutations in rpoB was achieved in the 1980s, largely by the efforts of Jin and Gross. 16 The mapping of RIF r mutations in other organisms has most often been reported with alignment to the consensus numbering scheme of E. coli RNAP, facilitating comparison across species. As RNAP is highly conserved among eubacteria, it is not surprising that the sites of RIF r mutations are also conserved. Mutations affecting residues 516, 526 and 531 of the b consensus sequence predominate in resistant clinical isolates of a number of bacterial species. In the discussion that follows, only strains with a single mutation in rpoB that determines an amino-acid change and a RIF r phenotype are considered; for this reason, conclusions about mutation sites are not always identical to those of the authors.
RIF resistance in E. coli Complete sequencing of rpoB posed a challenge as, with 1342 amino acids in E. coli, b is the second largest polypeptide in the bacterial cell. In the 1970s, refinements in the cloning and sequencing of overlapping DNA restriction fragments enabled the complete determination and alignment of the nucleotide sequence of rpoB with the amino-acid sequence of the b subunit from a RIF r strain of E. coli. 17 Ovchinnikov et al. 18 then utilized a susceptible strain to sequence the region of rpoB to which the RIF r mutation had been localized genetically, and identified it as an aspartic acid to valine change at residue 516 of the polypeptide, corresponding to an A:T to T:A transversion in the corresponding codon.
Jin and Gross 16 constructed an isogenic set of mutants in E. coli K-12 derived from 42 RIF r strains from their own laboratory (both spontaneous and UV induced) and other sources. As the goal of generating and studying RIF r mutations in this organism was to understand the structure of the b subunit and its functional interaction within RNAP, a broad array of RIF r mutations were included. Thus, although they would likely have no relationship to those emerging in the clinic, the E. coli RIF r mutations included some that determined temperature-dependent and dominant phenotypes, as well as defects in transcription. Mapping was achieved by transformation with plasmids from a susceptible strain having various length deletions of rpoB; the region to which each mutation mapped was sequenced, identifying 17 unique alleles (excluding mutants with more than one change), a few of which had also been described by others, as had two additional unique mutations. Most were point mutations, although there were also three deletions of one to five codons and one insertion of two codons. Mutations specifying two different amino-acid changes were found in each of three codons. A number of the unique alleles were isolated several times, both by Jin and Gross and others. In cell-free RNAP assays, RIF 50% inhibition concentrations (IC 50 s) for the mutant enzymes ranged from 10 to 410 000 times the IC 50 for the enzyme from the isogenic susceptible strain. These values roughly paralleled the concentrations that inhibited the growth of the mutant strains. In a later study, the extent of binding of RIF to the RNAPs from 12 of the mutants was also shown to correlate with the IC 50 s and with growth inhibition. 19 The mutations mapped in the center of the rpoB gene, in three clusters: cluster I (covering amino acids 507-533) included 13 of the 17 RIF r alleles from this study, as well as a deletion mutant mapped by others; three of the mutations were in cluster II (amino acids 563-572); and one was at amino-acid 687 (cluster III). The segment of rpoB encompassing these clusters was initially called the 'RIF region' , but is also known as the RIF resistance-determining region (RRDR). Another point mutation identified by others mapped outside of the RRDR at amino-acid 146. A few other unique RIF r mutations have since been described in E. coli. Landick et al. 20 utilized bisulfiteinduced cytosine deamination to mutagenize selected regions of rpoB and screened for termination-altering mutations. A number of the selected mutants were RIF r , and one had a single-amino-acid change within the RRDR that had not been previously reported. Another RIF r mutation within this region is cited by Severinov et al. 21 As discussed by Jin and Gross, 16 it appeared likely that the different regions of the b subunit in which RIF r mutations occur cooperate, within the core enzyme, to form the RIF-binding site. Approaches to the topology of the active center of the E. coli enzyme and its interaction with the RIF-binding site have been largely indirect; for example, utilizing the binding of different rifamycin derivatives, or of antibodies raised to rifamycin-albumin adducts, or of RIF-nucleotide adducts, 22, 23 as well as molecular modeling based on the amino-acid sequence. By cross-linking the polymerase-promoter complex to b, followed by limited proteolysis and chemical degradation, it was demonstrated that cluster I of the RRDR forms part of the active center of the enzyme. 24 E. coli RNAP has been crystallized only very recently. 25 Although the enzyme is naturally partially resistant to RIF and has limitations in the co-structure of its binding site, studies with crystallized RNAP from Thermus aquaticus showed that the RIF-binding pocket is in the fork domain, part of the active center, and established that most RIF r mutations map to this region. 26 RIF resistance in M. tuberculosis and other mycobacteria Mapping the mutations found in clinical isolates has been critical to the development of rapid methods to detect resistance in patients. Standard susceptibility testing of slow-growing species generally requires 4 weeks of culture (M. tuberculosis) and as long as 1 year in an animal infection model (Mycobacterium leprae). An important finding was the predominance of a single mutation, Ser531Leu, in different studies. Only a selection of the many publications describing RIF r mutations in mycobacteria will be discussed.
Using cell-free RNAP assays, Yamada et al. 27 had demonstrated that the RIF r phenotype of two clinical isolates of M. tuberculosis was determined by resistance of their enzymes. Telenti et al. 28 determined the amino-acid changes in a collection of 66 RIF r clinical isolates from different geographical areas. They identified 15 distinct mutations in 8 codons within a segment of rpoB that aligned with the RRDR region of E. coli. In a set of 128 isolates from the United States, Kapur et al. 29 identified a number of additional RIF r mutations in this region; interestingly, some of the mutations were identified in both studies but at different frequencies, suggesting geographic variation. Data from these and other studies, for a total of 307 RIF r isolates, were compiled by Musser. 30 Twenty-eight unique amino-acid changes corresponded to point mutations in 12 different codons, 2 insertions of 1-2 codons and 7 deletions of 1-3 codons; all of them mapped to the region corresponding to cluster I of the E. coli RRDR. In later studies, four additional amino-acid changes and a three-codon deletion, all but one mapping to codons previously identified, were sequenced in clinical isolates from Japan and China. [31] [32] [33] Another study of Japanese isolates identified two mutations affecting the N-terminal region of b (one of them corresponding to residue 146, previously identified in E. coli) and two mutations specifying low-level RIF resistance (MIC ¼ 12.5 mg ml -1 ) in RRDR cluster III; 34 one of the latter corresponded to the previously identified E. coli mutation in this cluster. Among 63 rpoB clinical isolates from Germany, Heep et al. 35 described an additional aminoacid change at residue 526.
Among the point mutations reviewed by Musser, 30 there were three major hotspots, each with multiple amino-acid changes: residue 516 (four different amino acids in 25 clinical isolates); residue 526 (eight amino acids in 111 strains); and residue 531 (four amino acids in 132 strains). At each of these loci, a single-amino-acid change predominated, with Ser531Leu (TCG to TTG) alone occurring in 128 isolates. Although all but two of the RIF r mutations identified in M. tuberculosis clinical isolates mapped to codons that aligned with E. coli mutations, Ser531Leu, the single most frequently identified amino-acid change in mycobacteria, was not, although other aminoacid changes occurred at the same residue. This is not of biological significance, however, as this amino-acid replacement in E. coli would require two nucleotide changes (TCT to TTG or TTA) as compared with the single TCG to TTG transition in the M. tuberculosis codon.
In a laboratory study, using the Luria-Delbrück fluctuation test, Morlock et al. 36 generated 64 spontaneous, independent RIF r mutations in M. tuberculosis H37Rv and identified eight different point mutations, one insertion and one deletion. All of them mapped to codons identified by mutations in clinical isolates, 20 of them in consensus residue 526 and 41 in residue 531 (39 of them Ser to Leu, TCG to TTG). In a selection experiment in which a few cultures were grown in the presence of RIF, all (non-independent) mutations occurred at residues 526 and 531, with Ser531Leu again predominating. 37 In other mycobacterial species smaller numbers of RIF r isolates have been available for sequencing. Honore and Cole 38 mapped eight of nine RIF r mutations in clinical isolates of Mycobacterium leprae to the residue corresponding to 531; six of them were Ser531Leu. Williams et al. 39 also identified the Ser531Leu mutation in four strains of M. leprae analyzed, and in one Mycobacterium africanum strain and one Mycobacterium avium. Another M. avium isolate had a Ser531Trp mutation. In Mycobacterium kansasii, five RIF r clinical isolates and one laboratory mutant had mutations in codons 513, 526 or 531. 40 Knowing the prevalence of different RIF r mutations in M. tuberculosis made it possible to design rapid nucleic acid amplification based molecular tests to detect the organism in patients with suspected infection and to identify resistance in patient isolates. A large number of methods were explored and tested for correlation of the results with those of standard susceptibility tests. In 2013, the Food and Drug Administration approved a commercial PCR-based test to detect the DNA of M. tuberculosis, as well as RIF r mutations, in sputum. 41 RIF resistance in S. aureus Most reports of rpoB mutations in this organism have used S. aureus numbering, in some cases with the consensus codon numbers provided; however, the present discussion will be based only on the E. coli numbering system. In 1979, Morrow and Harmon 42 demonstrated that laboratory-generated rifamycin-resistant mutations in S. aureus were chromosomal and affected the ability of the antibiotics to inhibit RNAP activity in cell-free transcription assays. RIF r mutations in paired clinical isolates (susceptible and resistant strains from the same patients) and in laboratory strains of S. aureus were mapped by Aubry-Damon et al. 43 A MIC histogram divided these strains into three categories: susceptible, low-level resistant and high-level resistant (MICs of p0.5, 1-4 and X8 mg ml -1 , respectively). All 17 RIF r strains sequenced had single mutations, which included 8 distinct changes at 7 sites; 6 of the sites were within the consensus cluster I of the RRDR and corresponded to mutant codons identified in E. coli. Several additional sites of single mutations, two of them in cluster II and the others in cluster I, were reported by Wichelhaus et al. 44 ; all of them corresponded to mutational sites in E. coli and one was the Ser531Leu mutation that predominates in M. tuberculosis. Ser531Leu was also identified by others in S. aureus RIF r clinical and laboratory strains, as was His526Asn; a few additional amino-acid changes have been described, most of them in the same codons identified previously in both E. coli and S. aureus. [45] [46] [47] [48] RIF resistance in other species There is extensive literature on RIF resistance in a number of bacterial species. Mutational changes in the b subunit of RNAP will be briefly discussed only in organisms for which RIF is commonly prescribed. Resistance in these species is frequently associated with mutations in rpoB codons 516, 526 or 531 of the consensus sequence.
RIF has been utilized clinically for prophylaxis in individuals exposed to Neisseria meningitidis, for prophylaxis and treatment of invasive Haemophilus influenzae, and for treatment of b-lactamresistant Streptococcus pneumoniae infections. Fourteen RIF r strains of N. meningitidis from Italy and the United Kingdom had rpoB mutations in cluster I of the RRDR corresponding to Asp516Val, His526Tyr or His526Asp. 49, 50 In clinical isolates of H. influenzae, RIF r single mutations mapped to cluster I of the RRDR, with changes at Asp516 predominating; a strain with intermediate susceptibility had a mutation in cluster II. 51 Single-site mutations in invasive isolates of S. pneumoniae from Taiwan were aligned as Asp516Val and His526Tyr. 52 Different amino-acid changes at the same two residues, Asp516Glu and His526Asn, were found in RIF r pneumococcal isolates from South Africa. 53 Rhodococcus equi, an intracellular organism that causes life-threatening infections in young foals and opportunistic infections in immunocompromised humans, is often treated with RIF combination therapy. RIF r mutations in this species have included Ser531Leu/Trp and several different amino-acids substitutions at consensus codon 526. 54, 55 INTRINSIC AND POLYMERASE-INDEPENDENT RESISTANCE TO RIF Low-level RIF resistance in various organisms, including mycobacteria, has been suggested to involve permeability or efflux/ influx 56 and a plasmid-mediated efflux mechanism has been reported in a strain of Pseudomonas fluorescens. 57 These will not be reviewed as their clinical implications are not evident. Relatively high RIF MICs in Enterobacteriaceae and other non-fastidious Gram-negative bacteria, determined by long or abundant outer membrane lipopolysaccharide chains, will also not be discussed.
A few species of bacteria are intrinsically non-susceptible to RIF because of a refractory RNAP. Treponema spp. and other spirochetes, including members of the genera Borrelia and Leptospira, are in this category, as are many strains of soil actinomycetes; resistance in these organisms correlates with the amino-acid naturally present at consensus codon 531 in rpoB: Asn substituting for the Ser of susceptible bacteria. 58, 59 Another group of bacteria that are intrinsically nonsusceptible to RIF are the mollicutes, which include Mycoplasma, Ureaplasma and Spiroplasma species. Sequencing of the rpoB gene of Spiroplasma citri indicated that the presence of Asp at the consensus residue 526, instead of the His present in susceptible species, is the determinant of resistance; Asp is also present at this residue in various Mycoplasma species. 60 Among Rickettsia there is a cluster of naturally RIF r spotted fever group species; the relationship between the rpoB mutation identified and the consensus sequence is not evident. 61 A variation on this theme has been reported in the opportunistic pathogen, Nocardia farcinica: the presence of a second gene, homologous to rpoB, termed rpoB2 or rpoB R , which encodes a RIF-refractory b subunit. 62 An rpoB2 paralog reportedly occurs in a number of actinomycetes, and in a Nonomuraea sp. the two paralogs are expressed under different physiological conditions; in the latter organism the expression of rpoB2, in stationary phase, is associated with secondary metabolism. 63 There are a few examples of inactivation of RIF, mainly in bacterial species that are not its therapeutic targets and associated with lowlevel resistance These include glucosylation, ribosylation, phosphorylation and decolorization, the latter because of a monooxygenase. 64, 65 A monooxygenase has been identified as a secondary resistance mechanism in N. farcinica, revealed when its rpoB2 was deleted. 66 The gene for an enzyme (termed ARR-2) capable of ADPribosylating RIF has been identified on an integron in a Pseudomonas aeruginosa strain. 67 
CROSS-RESISTANCE AMONG RNAP INHIBITORS Rifamycins
There are currently five rifamycins marketed in various countries: rifamycin SV (with limited availability); RIF, rifapentine and rifabutin (all three mainly utilized for the systemic treatment of mycobacterial infections) and rifaximin (indicated for travelers' diarrhea). Rifalazil, a sixth rifamycin has been in development for a number of years for various indications. Although there is clinical evidence that the relapse and acquired resistance rates in tuberculosis patients treated with RIF or rifabutin are similar, 68 there have been a number of reports suggesting incomplete cross-resistance between rifabutin, RIF and rifapentine. For example, M. tuberculosis RIF r clinical isolates with the rpoB mutations Asp516Val, Asp516Tyr and Leu533Pro 69 and Ser522Leu 70 were reported to be susceptible to rifabutin. However, in E. coli, mutant RNAPs with Asp516Val (as well as Asp516Asn), Leu533Pro and a different mutation at residue 522 (Ser to Phe) were resistant to all three rifamycins. 19 The Asp516Asn RNAP from E. coli was also resistant to all three compounds in a cell-free transcription assay. 19 Complete cross-resistance among RIF, rifapentine and rifabutin was also reported in sequenced rpoB mutants of S. aureus. 44 It should be noted that the MICs of rifabutin for the M. tuberculosis isolates in question are at the upper end (0.5 mg ml -1 ) of what has been considered its susceptibility limit. Current thinking is that this breakpoint is too high and that, in the absence of clinical evidence to the contrary, the isolates in question should be considered resistant to rifabutin. 71, 72 Other inhibitors of RNAP Fidaxomicin (lipiarmycin), a macrocyclic antibiotic, is the only marketed non-rifamycin that inhibits bacterial RNAP; it is not cross-resistant with RIF. It acts at the initiation step of transcription but, unlike RIF, it requires core enzyme plus s factor for optimal inhibitory activity in cell-free transcription assays. 73, 74 Kurabachew et al. 75 sequenced rpoB and rpoC from a set of lipiarmycin-resistant strains of M. tuberculosis. They identified two codons in rpoB distal to the RRDR that specified various amino-acid changes in the b subunit and two mutations in rpoC specifying changes in b 0 . Sorangicin A, a macrolide polyether, also inhibits the initiation step of transcription. In E. coli, it is partially cross-resistant with RIF. 19, 76, 77 Two studies 19, 76 examined the effects of known amino-acid changes in the b subunit on the extent to which bacterial growth was inhibited by RIF and sorangicin. There is some difference between the two studies regarding the effect of certain mutations on cross-resistance; however, the two sets of mutants were not identical. The study by Xu, et al. 19 also compared the extent of inhibition of transcription by both antibiotics in a cell-free assay; inhibition of the mutant RNAPs correlated with growth inhibition of the mutants.
Streptolydigin, a tetramic acid antibiotic that inhibits elongation of transcripts, is not cross-resistant with RIF. 19, 21 Although most mutations to streptolydigin resistance map in rpoB, they are found mainly in the spacer region between clusters I and II of the RRDR. 21, 78 Mutations in rpoC, encoding the b 0 subunit, have also been identified. 79, 80 PLEIOTROPIC EFFECTS OF RIF R MUTATIONS Transcription is a complex, intricately regulated process in which initiation at specific promoters, pausing and termination involve the transient interaction of RNAP core enzyme with other subunits such as s factors, small molecules, DNA sequences and the transcript RNA itself. RIF has been an important tool in probing bacterial physiology because RIF r mutations affect a number of phenotypes. As summarized by Jin and Gross, 81 some of the mutations in E. coli determine temperature-dependent growth; affect the stability of plasmids, the growth of bacteriophages and susceptibility to other inhibitors; and affect phenotypes associated with mutations in other subunits or enzymes. One important effect of some RIF r mutations is on the expression of termination/anti-termination including: the bacteriophage l N anti-termination function involved in the transcription of late genes; and the cell's stringent response that regulates transcription of stable RNAs and other stringently controlled genes and is normally controlled by the r termination factor and ppGpp. [82] [83] [84] Other examples of effects associated with RIF r mutations are: control of sporulation, germination, cell shape and metabolism in B. subtilis; [85] [86] [87] abnormal termination at the tryptophan operon attenuator in E. coli; 88 alteration of nutritional requirements in Lactobacillus casei; 89 activation of silent genes and upregulation of antibiotic production in some actinomycetes. 90 There have also been numerous studies in various organisms of the fitness and virulence of RIF r mutants and of adaptation by means of secondary mutations.
CONCLUSIONS
RIF is a valuable antibiotic for the treatment of mycobacterial and other diseases; the emergence of resistance during therapy can generally be avoided with the use of adequate combination therapy. The clinically significant resistance mechanism is mutation within a defined region of the rpoB gene, which encodes the target of RIF, the b subunit of bacterial RNAP. The portion of this sequence defined as cluster I is particularly important for high-level resistance. As a result of the high degree of conservation of RNAP, including this region of b, the mutations that determine resistance are also conserved across species. In RIF r clinical isolates of various organisms, mutations are most often found in three specific codons of the consensus sequence, and the Ser531Leu substitution in b predominates in mycobacteria and some other species. Cross-resistance appears to be complete among the rifamycins currently used to treat mycobacterial diseases. For these reasons, it has been possible to develop PCR-based tests to rapidly identify resistant M. tuberculosis. Intrinsic resistance in a few bacterial genera is also determined by the amino acids naturally present at residues 531 or 526 of the consensus sequence. Partial cross-resistance has been reported to another class of RNAP inhibitor, sorangicin A. RIF r mutations can have profound effects on transcription rate, initiation, pausing and termination. As a result of the central role played by RNAP in the bacterial cell, RIF r mutations often affect a number of physiological processes. RIF itself and RIF r mutations have been of great importance in elucidating the structure and function of RNAP and its complex role in the regulation of gene expression.
